Abstract Melphalan is an alkylating agent frequently used in an intravenous formulation to treat hematologic malignancies and solid tumors in both adults and children. According to the manufacturer, melphalan is stable in sterile 0.9 % sodium chloride for 90 min at room temperature (RT). Several authors have studied the stability of different concentrations of melphalan; however, most were not adapted to the current manufacturing process applied in pharmaceutical centralized units. This study was conducted to determine the stability of melphalan in 0.9 % sodium chloride solutions at concentrations used for intravenous injection in practice. Melphalan is commonly prepared in diluted solutions ranging from 2 to 4 mg/ml for the treatment of adult patients and at lower concentrations (down to 0.5 mg/ml) for pediatric use. Accordingly, these were the three concentrations chosen for this study. Melphalan concentrations were measured with high-performance thinlayer chromatography (HPTLC). At RT, admixtures prepared at 4 mg/ml were stable for up to 8 h without protection from light; however, at lower concentrations, such as 0.5 and 2 mg/ml, stability did not exceed 2 h. When refrigerated, melphalan was stable for 24 h at 2 mg/ml; however, at 0.5 and 4 mg/ml, the drug was not stable.
Introduction
Melphalan is an alkylating agent available as either an oral or an intravenous formulation and used to treat malignancy in both adult and pediatric patients. Melphalan is a major drug against hematological malignancies (multiple myeloma, Hodgkin or non-Hodgkin lymphoma, lymphoid leukemia, or myeloid acute leukemia), solid tumors such as ovarian or breast cancers, and children's neuroblastoma with posologies comprising between 100 and 200 mg/m 2 according to the summary of product characteristics (SmPC) [1] . Melphalan is mainly used as intensive treatment supported by autologous stem-cell transplantation and administered alone in multiple myeloma at 140-200 mg/m 2 , and at 100-140 mg/m 2 in combination with other cytotoxic drugs (such as busulfan) in pediatric solid tumors (neuroblastoma, Ewing's sarcoma, peripheral neuroectodermal tumor, rhabdomyosarcoma) [2] [3] [4] . In our institution, an off-label use of melphalan includes isolated limb or pelvic perfusion at 1.5 mg/kg [5] . According to the manufacturer, melphalan is stable in 0.9 % sodium chloride for no longer than 90 min at room temperature (RT) [1] . Melphalan is commonly used in diluted solutions ranging from 2 to 4 mg/ml for adults; for pediatric use, lower concentrations (down to 0.5 mg/ml) are frequently used in pediatric patients.
Aim of the Study
Several works have studied the stability of melphalan in polyvinyl chloride (PVC) bags. Beitz and colleagues [6, 7] reported a stability of 24 h when 0.9 % sodium chloride solutions at 0.06 mg/ml were stored at 4°C, while this duration was reduced to 90 min when those solutions were stored at 23°C without protection from light exposure. Pinguet et al. [8] reported a stability of 6 h when 0.9 % sodium chloride solutions of melphalan prepared at 0.2 mg/ml were stored at 4°C and protected from light. Chang et al. [9] reported that melphalan hydrolysis decreased when sodium concentration increased [9] . These data were confirmed by Pinguet et al. [8] , who showed that melphalan was stabile for longer when it was diluted in a 3 % sodium chloride solution. In our institution, to avoid error with the isotonic form, the use of hypertonic sodium chloride solution is not recommended. More recently, B. BRAUN AG, Melsungen, Germany, medical devices manufacturer, studied the stability of melphalan in 0.9 % sodium chloride solutions in Ecoflac Ò bags (flexible bags made from polyethylene). They demonstrated that 0.06 mg/ml melphalan solution was stable for 24 h when stored at 4°C and for 2 h at 22°C under the same conditions [10] . These few published data provide information about the manufacturing process for very low concentrations of melphalan administered to patients. Hospital pharmacists need more detailed information about the stability of this diluted drug at higher concentrations, according to current clinical practice. Further data regarding the stability of melphalan in solutions prepared at 2-4 mg/ml are currently lacking. In order to acquire novel experience on the stability of melphalan at these higher concentrations commonly used in daily clinical practice, we conducted a physico-chemical stability study of melphalan solutions prepared at 0.5, 2, and 4 mg/ml in 0.9 % sodium chloride stored at both refrigerated temperatures (5 ± 3°C) and RT (25 ± 2°C). By conducting this study, we intended to optimize the manufacturing production schedule in a centralized unit to improve patient care management with the possibility of preparing these infusion bags with a prolonged duration of storage.
Materials and Methods

Materials
Alkeran Ò (melphalan 5 mg/ml) for intravenous use from GlaxoSmithKline (batch no. 7004) was used. Melphalan ( Fig. 1) was reconstituted with its specific solvent (10 ml of sterile water with a mixture of sodium citrate, propylene glycol, and alcohol in injectable water) to obtain a final concentration of 5 mg/ml in each glass vial as recommended in the SmPC by the manufacturer [1] . Emptied PVC bags by Maco Pharma with a 100 ml volume of capacity (batch 07B15H) were used. For the degradation study, 0.1 M hydrochloric acid (0.1 M HCl) and 0.1 M sodium hydroxide (0.1 M NaOH) were provided by Prolabo-VWR International SA, and 10 % hydrogen peroxide (10 % H 2 O 2 ) by Cooper.
Preparation, Storage, and Sampling
Melphalan admixtures (diluted solutions) were prepared by filling emptied PVC bags with melphalan reconstituted solution at 5 mg/ml and 0.9 % sodium chloride solution to achieve the three drug concentration levels (4, 2, and 0.5 mg/ml). PVC bags were filled to final volume of 50 ml. All admixtures (18 total, six for each concentration and three for each concentration and each temperature) were prepared in a vertical laminar airflow hood to ensure aseptic conditions and to protect operators from toxic effects. Concentration ranges of melphalan were defined according to clinical practice in our hospital (0.5 mg/ml for pediatric use, 2 and 4 mg/ml for adults).
The effect of temperature during storage was investigated. Bags were stored at refrigerated temperature (5 ± 3°C) or at RT (25 ± 2°C). Bags stored at RT were not protected from light, while bags at 5°C were protected from light. However, almost no data on the influence of light on melphalan stability are available.
At the end of the preparation, the admixture samples were removed at defined intervals ranging from 0 to 24 h. The sampling was as follows: at the end of the preparation (H0), after 1 h (H1), 2 h (H2), 4 h (H4), 6 h (H6), 12 h (H12), and 24 h (H24). We expected the stability of melphalan solutions at RT to be reduced compared with those stored at 5°C; therefore, additional samples after 8 h (H8) and 16 h (H16) were obtained for bags stored at RT. Samples were not treated immediately but stored in adequate conditions protected from light and at -20°C. 
Chromatographic Analysis and Analytical Validation
Melphalan concentrations were measured via high-performance thin-layer chromatography (HPTLC CAMAG Ò ) combined to an ultraviolet (UV) detection with fluorescence extinction quantitation. This analytical method has been previously developed and published and has been routinely used in our quality control (QC) laboratory for several years for 39 compounds, including melphalan. The assessment of the temperature storage conditions has been validated during the analytical validation carried out for each developed analytical method. Samples of melphalan can be frozen without degradation [11] [12] [13] . Validation was conducted by evaluating common parameters defined by the International Conference of Harmonization (ICH) [14] such as specificity, linearity, accuracy, precision (repeatability and intermediate precision), and limits of detection (LOD) and quantification (LOQ). The parameters were determined by the statistical analysis of six calibration plots. The stationary phases (Lichrospher Ò Si60F254 nm), manufactured by Merck, were made of uniform 0.2 nm thin silica layers that were placed on a glass surface of 20 9 10 cm. Sample application was standardized: automated TLC sampler III Ò devices take into account defined parameters such as the volume, size of the sprayed band, and accurate positioning on the chromatography plate. These parameters were computerized by ATS III Ò software. After migration, the plate was analysed on a TLC scanner 3 Ò densitometer driven by CATS 4 Ò software as previously reported [11] . The HPTLC analysis station by CAMAG Ò is composed of a HPTLC Vario-chamber for mobile phase optimization, automated sample applicators (TLC Sampler III), which manage the calibrated applications of sampled solutions (volume required is 500 nL), solid Teflon Ò (PFTE) migration chambers, and a TLC Scanner 3
Ò densitometer driven by a winCATS Ò software. Accuracy results, providing information about the recovery of the analyte from the sample, are summarized in Table 1 . Means and relative standard deviation (RSD) values were calculated from the six determinations of each QC with three different known concentrations of melphalan, which were classified as low, medium, and high (QCL, QCM, and QCH, respectively). Precision contains three components according to the ICH guidelines: repeatability, intermediate precision, and reproducibility (not studied for this latter). Repeatability and intermediate precision are reported in Table 2 . Repeatability, expressed as RSD, or coefficient of variation of repeatability (CV r ), consisted of the analysis of each QC six times according to the same analytical procedure with the same equipment in the same laboratory. Calibration curves were generated by non-linear Michaelis-Menten-like regression and were validated by quality controls. Intermediate precision evaluates the reliability of the method in an environment other than that used during development of the method. Determination, expressed as RSD or coefficient of variation of intermediate precision (CV i ), consisted of the analysis of each QC six times under the same analytical conditions but on multiple days, by different analysts and using different equipment, except the HPTLC workstation. For the forced degradation study, melphalan concentrations were also measured via HPTLC CAMAG Ò , which is a relevant separating method according to the most recent guidelines for practical stability studies of anti-cancer drugs [15] .
Physico-Chemical Investigations
We investigated all admixtures for particulate matter: color change, clarity, and pH values, which were measured with a digital pH meter.
Stability was defined as the presence of at least 90 % of melphalan concentration according to reported recommendations [16] . Each sample was analyzed in triplicate. A fivelevel calibration range was set and validated by three levels of QC to conduct the sample analysis of melphalan solutions.
Results
Organoleptic Characteristics
All the admixtures stored at RT and prepared at 0.5, 2, and 4 mg/ml remained clear for 24 h. When stored at 5°C, the admixtures remained clear at 0.5 and 2 mg/ml for 24 h. For those prepared at 4 mg/ml, the solution was turbid and colored from H4. Figure 2 shows the results of the forced degradation study for melphalan solutions at 2 mg/ml in various stressed conditions and after 6 h of exposition according to the ICH the melphalan solutions after 6 h of exposure were calculated on six different measurements. The loss of melphalan was calculated at 22.5 % for melphalan diluted in 0.9 % sodium chloride solution, 13.6 % for melphalan diluted in 0.1 M HCl, 70.0 % for melphalan diluted in 0.1 M NaOH, 39.1 % for melphalan diluted in H 2 O 2 10 %, and 18.4 % for melphalan diluted in 0.1 M HCl with zinc powder. Evolution of melphalan content in different stress testing conditions shows that melphalan is greatly decreased in alkaline and oxidative conditions, while it remains more stable in acidic conditions. Exposure to strong reductive conditions also shows a decrease of melphalan concentration. On the chromatograms, five peaks of degradation products appears with retention factors (Rf) lower than the Rf obtained for the peak of melphalan. Therefore, the chromatographic method is able to separate its main degradation products and is based on loss of parent compound. No attempt was made to resolve the degradation products completely. Table 3 shows that the solutions of melphalan at 0.5 mg/ ml stored at 5°C presented the largest changes as compared with H0. After only 2 h, the calculated change was 23.1 %, while at 2 and 4 mg/ml the variation was limited, with respective degradation percentages calculated at 0.4 and 1.5 %. This decrease in melphalan concentrations was also observed at RT as shown in Table 4 . When stored at RT, melphalan concentrations decreased between 8 and 12 h at 4 mg/ml (0.7 % of melphalan degraded at 8 h vs. 22.8 % at 12 h). For the solutions stored at RT and prepared at 0.5 and 2 mg/ml, melphalan concentration decreased more rapidly. After 2 h, the respective degradations percentages were 4.2 and 2.7 %, and after 4 h they were 12.4 and 17.4 %. Admixtures of melphalan at 4 mg/ ml were more stable than 0.5 and 2 mg/ml solutions. The different concentrations seemed to have an effect on melphalan stability, as more concentrated solutions (above 2 mg/ml) were found to be more stable than diluted solutions (0.5 mg/ml). Bosanquet [17] explained that this difference is probably due to the faster decrease in pH due to ion chloride liberation concomitantly to the degradation of melphalan. This phenomenon was found both at low temperatures and at RT. However, concentrations of melphalan decreased more rapidly at RT than at low temperature. For the solutions prepared at 2 and 4 mg/ml and stored at 4°C, physical stability was demonstrated for 24 h (respective degradations of 6.5 and 7.4 %), while admixtures of melphalan at 0.5 mg/ml were not stable. At room temperature, stability did not exceed 8 h for concentrated solutions (4 mg/ml), and was shorter for diluted solutions. 
Forced Degradation Study
Melphalan Concentration Evolution Study
Discussion
Solutions of melphalan diluted in PVC bags show limited stability. According to the manufacturer, their stability does not exceed 90 min. The stability of melphalan seems to be longer when infusion bags are stored at refrigerated temperatures than at RTs [9, 10] . Beitz et al. [7] showed that a very diluted concentration (0.06 mg/ml) of melphalan was stable for 24 h at 4°C; however, this low concentration is not usable in practice. Our work was conducted in order to investigate the stability of melphalan at concentrations currently used in hospital practice; the results are summarized in Table 5 . The evolution of melphalan concentrations was studied at two temperatures (i.e., 5°C and RT). The results of this study generally confirm the data available in the scientific literature. Indeed, the most diluted concentration seemed to show very poor stability. Immediate degradation was observed for the admixture prepared at 0.5 mg/ml and stored at 4°C, and stability of 2 h was found when stored at RT. At 5°C as well as at RT, admixtures of melphalan were more stable at high concentrations such as 2 and 4 mg/ml than at 0.5 mg/ ml. Instead, for solutions prepared at 4 mg/ml and stored at 5°C, we observed a precipitation phenomenon, which probably comes from the excipients. At RT, no precipitation was observed at any studied concentrations. Temperature has a counter-intuitive effect on melphalan stability as solutions were more stable when stored at 5°C than at RT after preparation. However, concentration levels were also important for the stability of these solutions, as diluted solutions showed higher instability. We conclude that melphalan in 0.9 % sodium chloride at 0.5 mg/ml is not stable at both temperatures.
Conclusion
It is a very important challenge for pharmacists working in centralized units to prepare melphalan admixtures at the right time due to its very poor stability. This study shows that, at RT (25 ± 2°C), admixtures prepared at 4 mg/ml can be stored for 8 h without protection from light. For lower concentrations such as 0.5 and 2 mg/ml, no more than 2 h of stability can be expected in the same conditions. This work also reports that admixtures prepared at 2 mg/ml can be stored for 24 h at refrigerated temperatures (5 ± 3°C). Admixtures prepared at 0.5 and 4 mg/ ml are not stable in these conditions, and the advance preparation of melphalan solutions at these concentrations for delayed administration is not recommended. 
